We explore the behavior of a wormlike micellar solution under both steady and large amplitude oscillatory shear (LAOS) in a cone-plate geometry through simultaneous bulk rheometry and localized velocimetric measurements. First, particle image velocimetry is used to show that the shear-banded profiles observed in steady shear are in qualitative agreement with previous results for flow in the cone-plate geometry. Then under LAOS, we observe the onset of shearbanded flow in the fluid as it is progressively deformed into the non-linear regime-this onset closely coincides with the appearance of higher harmonics in the periodic stress signal measured by the rheometer. These harmonics are quantified using the higher-order elastic and viscous Chebyshev coefficients e n and v n , which are shown to grow as the banding behavior becomes more pronounced. The high resolution of the velocimetric imaging system enables spatiotemporal variations in the structure of the banded flow to be observed in great detail. Specifically, we observe that at large strain amplitudes (γ 0 ≥ 1), the fluid exhibits a three-banded velocity profile with a high shear rate band located in-between two lower shear rate bands adjacent to each wall. This band persists over the full cycle of the oscillation, resulting in no phase lag being observed between the appearance of the band and the driving strain amplitude. In addition to the kinematic measurements of shear banding, the methods used to prevent wall slip and edge irregularities are discussed in detail, and these methods are shown to have a measurable effect on the stability boundaries of the shear-banded flow.
Introduction
Shear banding refers broadly to the phenomenon whereby a complex fluid subjected to a simple homogenous shear deformation exhibits two or more neighboring regions of markedly differing shear rates. Numerous classes of non-Newtonian fluids are known to exhibit shear-banding behavior (Olmsted 2008) , from various kinds of yield stress fluids (Møller et al. 2008; Divoux et al. 2010 ) to entangled polymer melts (Tapadia et al. 2006; Hu 2010) and wormlike micellar solutions (Britton and Callaghan 1997; Salmon et al. 2003; Manneville et al. 2004a, b; Lopez-Gonzalez et al. 2006; Boukany and Wang 2008; Lettinga and Manneville 2009 ). Wormlike micelles are a particularly interesting class of shearbanding systems because they are widely used in consumer products, and they have become a canonical model system for probing shear banding. The bulk rheology of these particular systems has been studied extensively by other workers (Rehage and Hoffmann 1991; Berret et al. 1994; Schmitt et al. 1994; Cates and Fielding 2006; Lerouge and Berret 2010) . With recent developments in experimental techniques that can be used to directly measure deformation/velocity fields in these fluids (see the review by Manneville (2008) ), there has been a growth of interest in connecting measurements of the bulk rheology and the local flow behavior in order to better understand the phenomenon of shear banding and the coupling between kinematic changes in the flow and the resulting stress-shear rate profile. Such measurements can serve as sensitive tests of the prediction of different proposed constitutive models for shear-banding materials.
There are numerous experimental techniques that have been used to study shear banding and other types of spatial heterogeneities in steady shear flow. These include NMR velocimetry (Callaghan 2008; Møller et al. 2008; Davies et al. 2010) , in which velocity fields are extracted from the spin polarization of nuclei that interact with a strong external magnetic field gradient. Another widely used method is ultrasound velocimetry (Manneville et al. 2005; Gibaud et al. 2008) , which utilizes high-frequency ultrasonic pulses to produce ultrasonic speckle patterns from which velocity fields across the gap of a Couette cell can be extracted. Finally, numerous workers have used particle tracking methods (Meeker et al. 2004a, b; Tapadia et al. 2006; Fardin et al. 2009; Helgeson et al. 2009; Dimitriou et al. 2011) in order to quantify local velocity/deformation fields.
In much of the recent work that has used particle tracking methods to observe flow in shear-banding fluids, experiments have been carried out in the limit of low seeding density, where individual particles are tracked in order to determine the velocity field within the fluid. This type of tracking method is called particle tracking velocimetry (PTV) . When the seeding density in the fluid is higher, the displacement of local groups of particles is determined by spatial correlations rather than tracking individual particles. This method is referred to as particle image velocimetry (PIV) (Adrian 1991 (Adrian , 2005 . Both PTV and PIV are well suited for observing transient responses in fluid flows, due to the good temporal and spatial resolution of these methods (Manneville 2008) , and this has been exploited by some workers to study transient evolution of shearbanded flows (Miller and Rothstein 2007) . Both PTV and PIV are therefore a good choice of a tool for probing shear banding in oscillatory flows, although recent developments in Rheo-NMR techniques discussed by Callaghan (2008) and Davies et al. (2010) have provided spatial and temporal resolutions that rival those of PIV/PTV methods. One advantage of PIV over PTV is that it is a whole field technique, returning velocimetric data on a uniform spaced grid (Raffel et al. 2007 ). Vector fields obtained from PTV tend to be sparser than those obtained from PIV, and the individual vectors are located randomly throughout the imaged domain due to the randomly positioned particles in the flow (Adrian and Westerweel 2011) . This disadvantage in general makes subsequent data analysis, including computation of differential quantities such as shear rate and vorticity, more cumbersome in the case of PTV.
As far as the specific case of studying shear banding in wormlike micellar solutions is concerned, the earliest investigations studied the phenomenon using Rheo-NMR in a cone-plate geometry Callaghan 1997, 1999 ). This approach is reasonable because it is well-known that when viscometric approximations hold, spatial variations in the stress in a cone-plate geometry are very small (Bird et al. 1987 ). Subsequent velocimetric studies have focused more often on observing banding in cylindrical Couette geometries (Salmon et al. 2003; Manneville et al. 2004a; Miller and Rothstein 2007) . These velocimetry studies have shown that there is a clear difference between the structure of the shear-banded profiles observed in the two cases. Typically a double-banded profile develops in the Couette case above a critical shear rate (i.e., one low and one high shear rate band) whereas threebanded profiles appear in the cone-plate geometry (two low shear rate bands near the upper and lower rigid plates and a higher shear rate band at midgap). These differences arise presumably because of the curvilinear nature of the flow fields in each device-the theoretical study by Adams et al. (2008) has discussed this in detail for a particular case of the JohnsonSegalman model.
In addition to studies of banding in wall-bounded Couette cells, there have also been velocimetric studies of the onset of shear banding in these fluids within pressure-driven microchannel flows (Mendez-Sanchez et al. 2003; Marín-Santibáñez et al. 2006; Nghe et al. 2008; Ober et al. 2011) . Although the kinematics of steady complex fluid flow in a microchannel are spatially inhomogeneous, these experiments have been useful because they can be used to probe the nonlinear rheology of the fluids at much higher shear rates than is usually possible and can probe the onset of "nonlocal" effects when the characteristic length scale of the geometry and of the shear band become comparable (Masselon et al. 2008 (Masselon et al. , 2010 .
Finally, we note that some recent studies have suggested that both wall slip (Boukany and Wang 2008; Lettinga and Manneville 2009; Feindel and Callaghan 2010) and unsteady secondary flows (Fardin et al. 2009 (Fardin et al. , 2010 play an important role in the shear-banding behavior of wormlike micellar solutions. Motivated by these most recent results, the work in this paper is a careful reassessment of the nonlinear rheological response of a model wormlike micellar solution in a cone and plate geometry, taking recent developments concerning wall slip and secondary flow into account. To probe the progressive onset of these rheometrical limitations systematically, we use oscillatory shearing deformations of progressively increasing amplitude. We also provide a detailed discussion of some of the experimental issues encountered when carrying out velocimetric measurements on wormlike micellar systemsincluding a discussion of the effect of secondary flows on PIV imaging, an experimental method used to delay the onset of wall slip, and the consequences of employing a rigid bounding surface at the edge of the cone-plate geometry to improve image quality. After accounting for these experimental difficulties, we show that the high spatial and temporal resolution of a Rheo-PIV system developed in a previous study (Dimitriou 2011 ) enables us to observe in detail the local deformation behavior and corresponding stress evolution in a micellar solution at the onset of shear banding under both steady and oscillatory shearing deformations.
The shear-banded velocity profiles that are observed in the cone-plate device are similar to the threebanded profiles observed by Britton and Callaghan (1997) and are shown to be well described by a sigmoidal function-this is distinctly different from the two-banded profiles that have been observed for flow of wormlike micelle solutions in Couette cells. Large amplitude oscillatory shear (LAOS) is used to progressively deform the material deeper into the nonlinear regime and probe the onset of shear-banding behavior in the absence of substantial secondary flows and wall slip. We also use the LAOS framework developed in previous work (Cho et al. 2005; Ewoldt et al. 2008 Ewoldt et al. , 2010 to connect local kinematic measurements with nonlinearities in the bulk rheology and show that the onset of shear-banded velocity profiles closely coincides with the growth of nonlinearities in the bulk viscoelastic response. Similar behavior has recently been explored using some of the microstructural constitutive models that have been proposed for describing the rheology of shear-banding systems (Adams and Olmsted 2009; Zhou et al. 2010) , providing an opportunity in the future for comparing experimental data with theoretical predictions.
Materials and methods

Micellar fluid-CPyCl
In this work, we focus on a single canonical wormlike micellar fluid. The particular system studied is a solution consisting of 100 mM cetylpyridinium chloride (CPyCl) (Alfa Aesar) and 60 mM sodium salicylate (NaSal) (Alfa Aeser) in de-ionized water. The system was seeded with 0.001 wt.% titanium dioxide particles (average size 3 μm, density 4,200 kg/m 3 from TSI Inc.) for the purpose of the PIV measurements. These small particles result in a seeding (or number) density of particles that is high enough to carry out PIV measurements; however, the low volume fraction of the particles (φ 2 × 10 −5 ) means that the particles do not significantly affect the rheology of the fluid. All measurements of the rheology of the CPyCl fluid in this paper (rheometry and combined Rheo-PIV) were carried out on a TA instruments ARG2 stress-controlled rheometer equipped with a 50-mm-diameter, 4
• cone and plate geometry (quartz plate and aluminum cone) and with the temperature controlled to 25
• C. This particular test fluid differs from some of the fluids used in other shear-banding studies (e.g., those by Salmon et al. (2003) and Lettinga and Manneville (2009) ) because it is not prepared in brine and does not contain any added sodium chloride. However, an identical fluid composition (i.e., one without salt) has been used in a wide range of previous studies that have covered topics from bulk rheology (Rehage and Hoffmann 1991), to microfluidic rheometry and steady channel flow (Ober et al. 2011) to shear banding in cone-plate geometries (Britton and Callaghan 1997) . In Fig. 1 , we summarize the shear rheology of the fluid (measured at 25
• C) and show that it is well described by a single mode Maxwell model for low frequencies ω ≤ 1/λ, for which the viscoelastic moduli G and G are given by the following expressions:
For the data in Fig. 1 , the fitting parameters are λ = 1.45 s, η 0 = 39 Pa s, and G 0 = 27 Pa. In addition, the steady shear viscosity exhibits a strong shear thinning behavior and a clear stress plateau for rates larger than ∼0.3 s −1 . In Fig. 1 , the predicted shear stress obtained by using the Cox-Merz rule is also plotted. The CoxMerz rule is an empirical relation that predicts that the magnitude of the complex viscosity is equal to the In the lower plot, the steady flow curve of the CPyCl system is given. The onset of pronounced shear thinning occurs around 0.3 s −1 . The hollow symbols correspond to the shear stress predicted from the dynamic data using the Cox-Merz rule (Bird et al. 1987) . Hollow squares correspond to behavior at strain rates equal to the amplitudes used in Figs. 9, 10, and 12 shear viscosity at corresponding values of frequency and shear rate (Bird et al. 1987) :
From the Cox-Merz rule and the relationship between complex modulus and complex viscosity (η * = G * /iω), a prediction of the shear stress under steady shear can be obtained from oscillatory data. As can be seen in Fig. 1 , there is a progressive deviation of this predicted shear stress from the measured value for shear rates larger than ∼0.3 s −1 -this is in agreement with the observations made in previous studies ). In Fig. 1 , we also indicate the points on the flow curve where the strain rate amplitude of each of the oscillatory tests in the "Results" section lies. This helps to illustrate the fact that the progressive increase in the strain amplitude under oscillatory shear can be interpreted, at least qualitatively, as a ramping up along the flow curve into the stress plateau region, where shear banding is expected to occur. Additional bulk rheological measurements of an identical test fluid (e.g., measurements of the normal stress data N 1 ) are provided in a recent study by Ober et al. (2011) .
Controlling oscillatory strain with a stress-controlled rheometer One important experimental aspect of the LAOS tests done in this work is the use of a stresscontrolled rheometer to impose an oscillatory strain on the CPyCl test fluid. While the ARG2 can control the strain on the sample through the use of a feedback loop, for some very non-linear fluids (e.g., yield stress fluids), controlled stress instruments may fail to impose a perfectly sinusoidal deformation, resulting in higher harmonic contributions to the periodic deformation (Läuger and Stettin 2010) . For all of the present LAOS experiments, the power spectrum of the raw displacement signal from the ARG2 rheometer γ (t) was analyzed to determine the relative magnitude of the next highest harmonic contribution to the strain field. For these experiments, the strength of the second highest harmonic contribution (ω 3 = 3ω 1 ) was at least 5 orders of magnitude lower than the primary forcing frequency even during shear banding. Figures are provided in the supporting information that illustrate this.
Rheo-PIV apparatus
In order to directly observe the local strain and strain rate within the fluid under steady and dynamic shearing conditions, an experimental Rheo-PIV apparatus that mounts to an ARG2 stress-controlled rheometer was designed and fabricated. The apparatus is the same as that used in a previous study of model waxy crude oils (Dimitriou et al. 2011) and is similar to experimental designs used by other workers that implement particle tracking techniques to observe shear banding and wall slip in rheometers (Meeker et al. 2004a; Tapadia et al. 2006) . Two schematic diagrams of the Rheo-PIV system are shown in Fig. 2 . This system consists of a laser light sheet which is directed downward into the sample. The sample is loaded into a cone and plate geometry, with the upper plate being a transparent quartz plate (radius R = 25 mm) and the lower geometry being a precision machined black anodized aluminum cone (R = 25 mm radius 0 = 4
• angle). A CCD camera (MatrixVision BlueFox) fitted with a macroscopic imaging zoom lens (Edmund Optics Techspec VZM 600i) is positioned such that the imaging plane coincides with the location of the laser light sheet. The light sheet is aligned tangentially to the direction of flow of the fluid and approximately 2 mm into the showing how a plano concave lens can be placed up against the edge of the cone and plate geometry, in addition to how the transparent film is placed on the upper plate and lower cone. The coordinate system used in discussions is annotated in the box fluid from the edge of the geometry. For a spherical (r, θ, φ) coordinate system oriented with its center at the cone tip and the lower cone surface being described by θ = π/2 − 0 (and flow only occurring in the φ direction), this corresponds to a laser light sheet tangent to the sphere at r = R i = 23 mm. The laser light sheet illuminates seed particles at different positions along the vertical (shear) direction (y R i (θ − π/2 + 0 )), so by observing the movement of these particles in the flow direction φ (or x R i φ), it is possible to determine the tangential velocity profile within the fluid.
The velocity field within the fluid is determined using digital PIV, whereby a cross-correlation algorithm is applied to a pair of images separated by a time 1 F , where F is the frame rate that the CCD camera acquires images at (for our system F = 60 fps typically). The two subsequent images are divided into interrogation windows of size 16 × 16 pixels, and the 2D crosscorrelation function between the two successive frames in each interrogation window is computed. The point at which the cross-correlation function is a maximum corresponds to the average displacement of fluid elements within the interrogation window between the two exposures. The 2D velocity field is formed from the ensemble of these displacements obtained from each interrogation window. Because the lateral width of the laser light sheet ( x ∼ 2 mm) and its thickness (∼0.25 mm) are both small compared to the value of R i , the flow can be assumed to be translationally invariant along the x direction. This approximation essentially takes a small enough arc segment on the surface of a sphere (and any movement of particles on this surface) and describes it using a rectangular coordinate system (x, y) with x R i φ and y R i (θ − π/2 + 0 ). The resulting time resolved velocity field is thus a full two-dimensional vector field of the formv = v x (x, y), v y (x, y) . Combined with the fact that there is, on average, no flow in the y direction (discussed in detail in the "Onset of secondary flow" section), this allows each 2D velocity field to be averaged along the direction of flow to produce a single velocity profile per image pair, v x (y).
In this work, two optional features of the Rheo-PIV system that are used to facilitate the measurement of the local velocity field within the CPyCl system will be discussed extensively. The first is the use of a removable plano-concave lens with radius R = 25 mm which can be placed up against the edge of the cone and plate geometry, as shown in the bottom image of Fig. 2 . The purpose of this lens is to provide a planar outer-facing surface through which the camera can image the field of view containing the illuminated seed particles. A flat front face prevents distortion of the image of the seed particles under flow because rays reflected from the seed particles toward the CCD camera travel through the air-solid and solid-liquid interface at a direction normal to these interfaces. When the surface is not flat, refraction of the optical rays due to differences in the indices of refraction of the different media result in a distortion of the apparent location of the seed particles (thus making it difficult to determine the actual velocity profile within the fluid). When measuring local velocity fields within a Newtonian fluid, this plano-concave lens is typically not required. The upper and lower geometries have the same diameter, resulting in a pinning of the meniscus at the top and bottom edges and an almost flat meniscus profile. However, it is well-known that viscoelastic fluids that exhibit shear banding are also likely to exhibit edge instabilities, which will result in an irregularly shaped meniscus even when it is pinned at the upper and lower edges (Keentok and Xue 1999; Inn et al. 2005; Sui and McKenna 2007) . Previous workers have recognized this and used circular bounding films to prevent these edge irregularities (Tapadia et al. 2006) . However, the effects of such bounding films can markedly change the local material response (Sui and McKenna 2007) and should therefore be avoided if possible. The plano-concave lens used in this work serves a similar purpose to a circular bounding film, but it does not surround the entire sample. This has the effect of lowering the incremental frictional torque that is imposed on the rotating fixture by such a surface. Nonetheless, there is still a measurable additional frictional force that is present when this lens is in place, due to the change in boundary conditions at the edge of the geometry and possible secondary flows induced near the rigid wall. This additional frictional force registers as an increase in the shear stress by approximately a factor of 2, as measured by the rheometer for the CPyCl/NaSal system at a particular shear rate. Figure 3 compares the flow curves for the fluid with, and without, the lens in place. The decrease in the shear stress for the final data point when the lens is in place is a result of the fluid being ejected from the gap, which is delayed to higher shear rates when the lens is not in place.
The second feature of the Rheo-PIV system that is used extensively in this work is a transparent adhesive polymer film (SS-45 screen protector manufactured by Vivitar) which can be placed on either (or both) the upper or lower geometry, such that the fluid is in contact with this film instead of the polished quartz upper plate or the machined aluminum lower conical fixture. When affixed to the upper quartz geometry, the film Comparison of the flow curve of the CPyCl system measured using different configurations. Filled symbols are without the lens or film. Hollow symbols are either with the lens, or with the film, but not both. The presence of the lens results in an additional frictional torque being applied to the rotating quartz geometry, which leads to an increase in the apparent shear stress measured by the instrument has the effect of increasing the roughness of the upper surface, as well as making the surface slightly more hydrophobic. Table 1 compares the contact angle of a sessile drop of CPyCl on the quartz surface with and without the adhesive plastic film, as well as the measured surface roughness. As we show below, a result of this modified surface is that slip effects which are often observed for CPyCl solutions at high shear rates (such as those seen by Lettinga and Manneville (2009)) can be suppressed to a substantial degree. The effect of surface roughness and hydrophobicity on inhibition of slip is not surprising, and these effects have been documented in previous studies (Masselon et al. 2010) . Unlike the lens, this film does not have a substantial effect on the flow curve shown in Fig. 3 . Figure 4a presents data from calibration experiments which demonstrate the linearity of the velocity profiles obtained by the Rheo-PIV system over a wide range of shear rates spanning those used in this work, for a Newtonian fluid (seeded heavy mineral oil with a viscosity of 0.1 Pa s and a density of 880 kg/m 3 ). The velocity profiles are averaged over approximately 450 frames of video (i.e., 7.5 s of flow) and plotted in the form of y/H vs v/V m , where y is the position across the gap, H R i 0 is the gap height at the position r = R i (H = 1.6 mm), and V m is the velocity of the top surface given by V m = R i =γ H. In addition to this, Fig. 4b shows a comparison of the velocity profile measured for a Newtonian fluid undergoing a shear rate ofγ = / 0 = 0.5 s −1 when the upper and lower geometries are either covered with the adhesive film or left uncovered. As expected, the presence of the film does not alter the velocity profile. The inset in Fig. 4b gives the probability distribution of the individual measured velocity values at a height of 0.75 mm from the lower cone. The standard deviation of the velocity measured at that location is 0.02 mm/s, which is approximately 5% of the measured velocity (determined from ∼14,000 PIV correlation measurements). The experimental velocity measurements at a fixed spatial position show a welldefined average velocity with a Gaussian distribution that arises primarily from small mechanical vibrations in the frame which holds the camera/lens assembly. This results in small random and uncorrelated relative displacements of the camera and rheometer, which are interpreted as small nonzero velocities in the flow by the PIV analysis (and these velocities are determined to be on the order of 0.02 mm/s, as given by the measurement of the standard deviation). However, averaging flow profiles over several frames (typically 5 or more) removes any small instantaneous bias that may result from the vibrations. While these vibrations do not have an effect on the time-averaged velocity profiles, we can still see some small systematic deviations (less than 5% of V m ) of the time-averaged velocity profile from the predicted linear velocity profile in Fig. 4b . These deviations are chiefly a result of the air-fluid interface at the outer sample edge which is not perfectly flat. Despite the fact that the interface is pinned at the upper and lower plates, small variations in sample volume always result in a slightly curved air-fluid interface. While these slight variations in sample volume are impossible to eliminate entirely, inspecting the shape of the interface by eye is typically sufficient to ensure that reliable velocity profiles are obtained by the Rheo-PIV apparatus.
Results
Steady shear rate banding of CPyCl
It is well-known that wormlike micellar solutions exhibit shear banding under steady shear flow. Many workers have observed this behavior directly using a variety of velocimetric techniques and under a number of different flow configurations (Lettinga and Manneville 2009; Salmon et al. 2003; Lopez-Gonzalez et al. 2006; Britton and Callaghan 1997; Callaghan 2008; Boukany and Wang 2008) . Callaghan (1997, 1999) showed, using NMR velocimetry, that a CPyCl/NaSal 100:60-mM system (identical to the one used in this work) exhibited a three-banded velocity profile, in which a high shear rate band is observed in the middle of the gap, connected to two lower shear rate regions near the upper and lower surfaces. Due to the fact that Callaghan (1997, 1999) worked with a fluid identical to that dealt with in this work (with similar values of the measured relaxation time and critical shear rate) and a similar flow configuration (4 • /24 mm diameter and 7
• /16-mm-diameter ceramic cones and plates with an outer containment jacket at the edge), we expect that the velocity profiles observed here should be similar to those observed by Britton and Callaghan. Figure 5 shows the velocity field within the CPyCl solution observed using the Rheo-PIV system at a number of different imposed shear rates. As the figure shows, the velocity profiles evolve from a linear response to three-banded profiles as the shear rate is incremented slowly from 0.1 to 0.75 s −1 and into the stress plateau region. The three-banded profile in Fig. 5 at a shear rate of 0.75 s −1 is characterized by a high shear rate region near the middle of the gap and lower shear rate regions near the upper and lower surfaces. The behavior at the high shear rates is thus consistent with the three-banded profiles observed by Callaghan (1997, 1999) . However, Britton and Callaghan generally measured their shear-banded profiles at even higher shear rates well into the stress plateau region (their use of an outer containment jacket enabled this by preventing sample from being ejected from the gap). They therefore did not probe the behavior of the fluid in this transition region at lower shear rates. During the transition from linear to threebanded profiles (for imposed shear rates ofγ = 0.3 s −1 andγ = 0.45 s −1 ), the material exhibits an intermediate behavior in which the flow profile appears to have two developing shear bands instead of three clearly distinct bands. This is in contrast to some shear-banding scenarios which have been observed in other geometries (such as those observed by Salmon et al. (2003) in Couette flow) where the shear rate in the highly sheared band remains constant and the interface between the low and high shear rate regions moves as the apparent shear rate is increased.
The data presented in Fig. 5 were obtained without the plano-concave lens in place and with the upper and lower geometries being covered by the transparent film. The transparent film was used because it was observed that it generally prevents slip from occurring at the upper, rotating plate at moderate shear rates. Figure 6 shows a comparison of the velocity profiles observed in the CPyCl system at the identical steady shear rate of 0.75 s −1 in the 4
• cone and plate geometry with and without the use of the lens and film. Figure 6 demonstrates the exquisite sensitivity of Rheo-PIV observations to the imposed boundary conditions. The measured velocity profiles are different in all four cases. The profiles c-d show that when the lens is not used, the additional presence of the film on the upper plate prevents wall slip from occurring at the upper moving surface. The presence of this wall slip results in a lower shear rate within the bulk of the fluid, causing the velocity profile to appear similar to the profiles observed in Fig. 5 for shear rates lower than 0.75 s −1 . This suggests that when the plano-concave lens is not used, the transparent film eliminates wall slip and facilitates the formation of the centrally located high shear rate band. However, when the lens is used, as in a-b, a rather different behavior is observed. Now, the addition of the transparent film only reduces the degree of slip that is present, and does not completely eliminate it. In addition to this, the appearance of the shear-banded velocity profile for the case when the lens is used (Fig. 6a) is now markedly different to the banded profile shown in Fig. 5 forγ = 0.75 s −1 . The banded profile is now characterized by a highly localized high shear rate band in the center (only two or three data points in width) which more closely resembles a discontinuity in the velocity, as opposed to the more gradual variation in the shear rate across the gap that is observed in Fig. 5 . In general, these narrow bands, resembling discontinuities in the velocity profile, have only been observed when the plano-concave lens is used as a bounding surface. However, we have found this behavior to be erratic and difficult to predict-the bands can be observed in different positions across the gap for the same imposed shear rates, and in other instances, a larger degree of wall slip may occur on the upper surface resulting in a less pronounced high shear rate band. Two high shear rate bands have also been observed at some of the larger shear rates. One possible explanation for this irreproducible behavior is that the presence of the lens may result in an earlier onset of secondary flow within the region of the fluid near the lens, due to the altered boundary condition at the bounding surface.
In order to avoid any potential artifacts that may arise from this plano-concave lens and also in order to avoid artifacts in our bulk rheological data (Fig. 3) , we henceforth utilize the configuration shown in Fig. 6c for the rest of our experimental data, i.e., an adhesive film attached to both upper and lower fixtures and no lens at the outer edge. This results in reproducible and selfconsistent behavior as shown in Fig. 5 . Furthermore, in Fig. 7 , we show that at the range of shear rates probed in Fig. 5 , no irregularities in the fluid meniscus at the edge of the cone-plate geometry are observed. This shows that a plano-concave lens or any other bounding film is in fact not required in this CPyCl fluid for velocimetric measurements at these shear rates. The velocimetric data presented in Figs. 5 and 6 are only given for shear rates as high as 0.75 s −1 . At much larger shear rates, the local shear-banded behavior of the fluid becomes much more difficult to observe for several reasons. Firstly, the likelihood of a severe edge irregularity in the meniscus arising is much greater. As described in the "Rheo-PIV apparatus" section, this results in larger errors in the measured velocity values. While the use of the plano-concave lens (or any other type of bounding film) to impose a planar imaging surface may avoid the issue of these edge irregularities, it still affects the bulk measured stress (Fig. 3) as well as the flow kinematics by altering boundary conditions near the edge resulting in the erratic behavior that was discussed in the "Steady shear rate banding of CPyCl" section. Another difficulty that is faced at very large shear rates (typically exceeding 3 s −1 , or Weissenberg numbers Wi def = λγ ≥ 4.4) is that at the given magnification of the camera/lens, the displacement of seed particles between frames becomes sufficiently large such that the cross-correlation algorithm is unable to resolve the displacement value. This may be avoided by using a lower lens magnification; however, lower magnifications result in a concomitant loss of spatial resolution for the velocity profiles. As a result of these difficulties, we choose to restrict our regime of study of the CPyCl solution to shear rates generally lower than 2 s −1 (or Wi ≤ 2.9), where secondary flows are less likely to occur and experimental artifacts will not play an important role in our measurements (particularly for the LAOS experiments which follow in the "Large amplitude regime-LAOS" section).
To verify that there are not any appreciable secondary flows at these lower shear rates, we used an alternative imaging method to observe flow of the CPyCl solution under steady shear in the cone-plate geometry. Specifically, a small amount of Kalliroscope AQ-RF rheoscopic fluid (http://www.kalliroscope.com/) was added to the micellar solution. This rheoscopic fluid contains a high concentration of plate-like mica seed particles. Flow alignment of these seed particles allows for macroscopic flow in the CPyCl solution to be visualized and for qualitative changes with increasing shear rate to be observed. These seed particles have been used previously to observe secondary flows in other viscoelastic fluids (McKinley et al. 1995; Fardin et al. 2009 ). The sample is placed in the cone-plate geometry (with upper transparent quartz plate) and illuminated from above using a white light source. A black anodized lower cone is utilized to enhance contrast of the seed particles, and a camera with a telecentric zoom lens is used to observe the evolution of flow-induced structures in the fluid. Figure 8 shows two images obtained from the imaging system during steady shear of the CPyCl solution at two different shear rates. At the low shear rate (2 s −1 ), the fluid appears homogenous with no patterns emerging during the purely tangential flow. However, at the higher shear rate (5 s −1 ), radial and tangential striations in the flow field are clearly seen, as evidenced by the regions of varying contrast in the fluid further away from the center. By observing the evolution of these structures during start-up of steady shear at these higher shear rates, it is apparent that the regions of varying contrast begin to form near the rim of the sample, grow in time and propagate radially toward the center. Corresponding measurements of the total torque exerted on the fixture show the growth of temporal fluctuations (Yesilata et al. 2006; Pipe et al. 2010) . This suggests that a three-dimensional unsteady secondary flow first develops near the outer edge where the sample meniscus is located and propagates toward the center. The images in Fig. 8 are not intended to provide quantitative detail about the exact nature of the viscoelastic secondary flow that develops in this micellar fluid (i.e., direction, magnitude); however, they do show which regions of the fluid are first afflicted and can be used as a guideline to understand at what shear rates one might expect 2D velocimetric data from Rheo-PIV to begin to show artifacts that arise from significant viscoelastic secondary flow. Videos showing the start-up of steady shear from which the images in Fig. 8 are taken are provided in the supporting materials.
The linear viscoelastic regime-SAOS
The ability of the Rheo-PIV setup to provide time resolved images of the local flow behavior makes it well suited for studying the behavior of complex fluids under oscillatory flow. Combined measurements of the bulk rheology and local velocity field within the CPyCl solution were therefore first obtained for small amplitude oscillatory deformations and moderate frequencies to ensure that the expected linear behavior of the fluid is recovered. For this particular experiment, the fluid is loaded into the 4
• cone and plate geometry (covered with the transparent film, without the lens in place) and an oscillatory strain γ = γ 0 sin ω d t is imposed on the sample with ω d = 0.63 rad s −1 and γ 0 = 0.1. The resulting Deborah and Weissenberg numbers for this experiment are De ≡ λω d = 0.91 and Wi ≡ λω d γ 0 = 0.09. The imaging system was set up to record images at a frame rate of F = 60 frames/s. At this particular frame rate, the system is able to resolve a velocity profile within the fluid every 0.017 s-allowing for approximately 600 velocity measurements to be made within each period of oscillation and providing sufficient data to resolve temporal changes in the velocity field within the fluid. In Fig. 9 , we show the combined bulk rheology (stress and strain determined from torque and angular velocity of the instrument) as well as the locally measured velocity within the fluid. In Fig. 9a , a series of velocity profiles are plotted over the course of one half period. Each velocity profile is averaged over 20 frames (both spatially for each frame, in the direction of flow, and temporally by averaging over the 20 individual frames) and plotted every 20 frames (corresponding to a 0.33-s interval). This makes individual profiles more easily discernible and minimizes random fluctuations due to small mechanical vibrations in the system. The variation in velocity across the gap is clearly linear, with no slip occurring at the bottom surface. In Fig. 9b , a comparison of the velocity of the top plate determined using two different methods is shown. The continuous line corresponds to the angular velocity of the rotating fixture V plate = ω d R i cos ω d t imposed by the rheometer. The individual points (crosshairs) are data that correspond to the velocity measured in the fluid (using the PIV system) in the row of 16 × 16 correlation windows closest to the top plate. The comparison shows that these two velocities agree over the course of one full period of oscillation, indicating that there is no wall slip occurring at the upper surface.
The third plot shown in Fig. 9c is a Lissajous curve of the bulk stress-strain response of the fluid to the oscillatory deformation (averaged over five periods of oscillation). The data are analyzed using the MITlaos software package (Ewoldt et al. 2008 ) in order to extract the decomposed elastic stress (Cho et al. 2005; Ewoldt et al. 2008 ) as well as the higher-order Fourier/Chebyshev coefficients that describe the periodic stress response. Ewoldt et al. (2008) showed how the higher-order Fourier coefficients can be directly related to more physically meaningful elastic Chebyshev coefficients e n and viscous Chebyshev coefficients v n . By computing the magnitude of the ratio of the third order coefficients to the first-order coefficients (e 3 /e 1 and v 3 /v 1 ), it is possible to determine the extent of nonlinearity in the material response. From the low values e 3 /e 1 = −8 × 10 −4 and v 3 /v 1 = 9 × 10 −4 and the ellipsoidal nature of the Lissajous curve, it is clear that the material is exhibiting primarily a linear response at this strain amplitude and frequency. Additional details pertaining to the higher harmonics of the stress response are provided in the form of a power spectrum in Fig. 9d . The power spectrum is illustrated by plotting the magnitude of both the imaginary and real parts of the Fourier transformτ (ω) of the stress response τ (t) against the frequency index ω/ω d (where
is the driving frequency). The imaginary part of the Fourier transformτ i (ω) corresponds to the component of the stress which is in-phase with the strain γ = γ 0 sin ω d t and the magnitude of the local peaksτ i (nω d ) are directly related to the elastic Chebyshev coefficients e n (see Ewoldt et al. (2008) for these relations). On the other hand, the real part of the Fourier transform 
Large amplitude regime-LAOS
Measurements of the type shown in "The linear viscoelastic regime-SAOS " section illustrate the expected linear response of the CPyCl solution at small strain amplitudes (γ 0 1). In this section, the strain amplitude is increased to γ 0 = 1 (keeping the imposed frequency constant at ω d = 0.63 rad s −1 ) and the evolution in the velocity field within the fluid is measured. Figure 10a shows the evolution of the velocity field within the fluid over one half period of oscillation.
The profiles are plotted in the same manner as in Fig. 9a, i. e., every 20 frames and as averages over 20 frames. While this manner of plotting profiles does not technically show the true instantaneous velocity profile, the 20 frame averages were compared with single frame profiles and the two showed good agreement. Thus, error bars indicating the standard deviation of the velocity measurements (omitted in the plot) are typically the same size as the hollow symbols. At this larger strain amplitude, there is clear evidence of an inhomogenous banded flow with the velocity profile beginning to develop characteristics similar to those observed in Fig. 5 for steady shear flow at high shear rates. Due to the self-similarity of the velocity profiles observed during the oscillatory flow, each profile is fitted to the following functional form:
where y is the position across the gap, y b (t) is the position of the middle of the centrally located high shear rate band, and b (t) is a measure of the band sharpness. For the case of large values of b 1 (i.e., a sufficiently sharp band), V w (t) can be thought of as the velocity of the fluid at the upper wall at each point in time, and the parameter s can be thought of as a ratio of two shear rates,γ 0 γ a , whereγ 0 is the "background" is the apparent or nominal shear rate (V w is the velocity at the wall and H is the gap height). This functional form has four parameters that are determined using a non-linear least squares minimization technique to fit each profile of Fig. 10-these parameters are V w (t), b (t), y b (t) , and s(t) (orγ 0 (t)). Figure 10a shows an excellent agreement between the measured velocity values and the sigmoidal fit. The close fit to the functional form in Eq. 3 (a continuous function) suggests that the shear rate within the fluid varies continuously across the gap-this differs from observations made of banding under steady shear in Couette cells (see the work by Salmon et al. (2003) or Ballesta et al. (2007) ); however, the work by Callaghan (1997, 1999) did show that in coneplate geometries, continuously varying shear rates were observed.
In addition to this spatially banded structure, there is also good agreement between the measured velocity in the fluid adjacent to the top wall and the oscillating velocity of the top plate, as seen in Fig. 10b . Once again, this indicates that there is no wall slip occurring at the top surface and that the transparent film is effective at preventing slip for this particular oscillatory experiment.
Figure 10 c shows the Lissajous curve of the material stress-strain response for these particular oscillatory strain conditions. Qualitatively the curve looks very similar to that of Fig. 9c ; however, the larger values of the ratios e 3 /e 1 = 0.0175 and v 3 /v 1 = 0.0359 compared to the values for γ 0 = 0.1 indicate that the material is beginning to experience deformations in the non-linear regime. One interesting aspect of this set of data is how low the values of e 3 /e 1 and v 3 /v 1 are even though the material starts exhibiting a distinctly shear-banded velocity profile. This suggests that for this particular fluid, relying on direct velocimetric measurementsand not on measurements of higher harmonics in the stress response-is a more sensitive probe of the onset of shear banding under LAOS.
In order to study any possible dynamic behavior of the shear bands, we tracked the middle position of the high shear rate band over one complete oscillation by plotting the value of the fitting parameter y b (t) (which corresponds to the location of the center of the high shear rate band) and the band sharpness b (t) over the course of one period of oscillation. These data are shown in Fig. 11 and indicate that the values of y b and b remain relatively constant over time. The center of the high shear rate band remains located near the middle of the sample at y b = 0.8 mm, while the value of b (t) also remains constant with an average value of One interesting result is that the centrally located band is resolved for almost all points in time over the course of the oscillation. The only time period where the fitting technique cannot accurately locate the band is at the points of maximum strain (i.e., at the dashed vertical lines in Fig. 11 ). At these points, the velocity within the fluid is almost zero everywhere (i.e., the imposed sinusoidal oscillation has reached maximum displacement) and so the fitting function of Eq. 3 is under-constrained.
The LAOS behavior of the micellar fluid was also probed at an even larger strain amplitude γ 0 = 3, and once again local velocimetric data were compared with bulk measurements from the rheometer. Figure 12a shows a more pronounced banding behavior in the set of velocity profiles measured during one half period. These data are also fit to the sigmoidal function described in Eq. 3, and the agreement between the fit and the measured data is again excellent. Figure 12b again indicates that there is no observable wall slip occurring on the upper surface. The Lissajous curve presented in Fig. 12c shows that the bulk stress-strain data measured in the fluid now exhibits a clearly nonlinear response. The values of e 3 /e 1 and v 3 /v 1 are now much larger than they were for the case in which γ 0 = 1. The positive value of e 3 /e 1 can be attributed toward an intra-cycle strain stiffening in this material (Ewoldt et al. 2008 (Ewoldt et al. , 2010 . It is the appearance and growth of these higher harmonics that lead to the progressive deviation of the shear stress magnitude measured in steady and oscillatory shear and the failure of the Cox-Merz rule (see Fig. 1 ).
One interesting aspect of Fig. 12d is the appearance of a more enhanced even harmonic at ω = 2ω d in the imaginary part of the discrete Fourier transform of the stress response. This suggests that there may be a small amount of wall slip occurring in the system (Hatzikiriakos and Dealy 1991; Atalik and Keunings 2004) ; however, the fact that this harmonic is still relatively weak (a factor of 4 weaker than the intensity of the third harmonic at ω = 3ω d ) means that any wall slip that may be occurring is difficult to discern in Fig. 12a , b and does not significantly affect the material response.
In Fig. 13 , we plot the temporal evolution of the fitting parameters y b and b for the velocimetric data shown in Fig. 12 . For this case, the average values y b = 0.96 mm and b = 4.30 are larger than they were for the case in which γ 0 = 1-this gives the ap- Fig. 13 Value of the fitting parameters y b and b during one period (T = 2π/ω d = 9.97 s) of oscillation for the velocimetric data given in Fig. 12 pearance of a sharper band. The generally higher value of b agrees with what is observed under steady shear as the imposed shear rate is ramped up. Specifically, for the velocity profiles plotted in Fig. 5 , as the value ofγ is ramped up from 0.45 to 0.55 and 0.75 s −1 , the fit of Eq. 3 to the velocity profiles yields values for b of 2.9, 3.2, and 3.7 respectively. Thus, more sharply banded profiles are observed at higher imposed shear rates in both oscillatory and steady shearing deformations.
The local temporal behavior of y b (t) and b (t) indicates that there are more pronounced fluctuations occurring at this larger amplitude. However, the fluctuations in y b (t) are still small (on the order of 50 μm) and do not suggest that there is considerable intra-or inter-cycle shift of the band position. A drift in the value of y b of approximately 100 μm can be seen for 0 s ≤ t ≤ 2 s and 10 s ≤ t ≤ 12 s (before the sharp discontinuities at 2.2 and 12.2 s). However, it is difficult to unambiguously determine the origin of this periodic fluctuation. One possible source of this drift is slight irregularities in the air-sample interface which arise at points in the cycle when the sample has experienced maximum deformation. These irregularities distort the image, resulting in an apparent shift of the band position. An alternative source for these fluctuations is the type of dynamic band motion predicted in some theoretical studies (Zhou et al. 2010) . These fluctuations might be expected to grow as the imposed strain amplitude is increased. However, with the current experimental setup, observing these dynamics at larger strain amplitudes is difficult due to even more pronounced interface irregularities.
While the data from this particular oscillatory test shows little variation in the value of y b , equivalent Rheo-PIV tests done with the plano-concave lens result in profiles in which there is a sharper or narrower band near the midgap that moves vertically across the gap during the oscillation. Data and figures from these experiments are provided in the supporting materials. This difference, together with the contrast of the data shown in Fig. 5a -c, emphasizes the fact that the presence of the lens or a rigid outer boundary results in markedly different dynamic flow behavior in this shear-banding fluid. Based on these observations, the presence of the lens appears to result in generally less stable flow configurations for the CPyCl system under large amplitude oscillatory shear flow.
Conclusion
In this work, we have measured the local velocity fields within a wormlike micellar fluid (CPyCl/NaSal 100:60 mM) under both steady and oscillatory shear using particle image velocimetry. We have also investigated the use of different experimental techniques that can be used to mitigate (a) wall slip effects that are endemic to Rheo-PIV experiments with complex fluids and (b) some of the effects that edge irregularities in the cone-plate rheometer can have on the PIV measurements. Specifically, the use of a plano-concave optical lens placed at the geometry edge to improve image quality was discussed, and it was shown that the change in the boundary condition at the edge due to this rigid no-slip surface can result in a considerable qualitative change in the velocity profile observed within the fluid (both in oscillatory and steady shear). Additional flow visualization in the flow-vorticity plane was used to determine the critical shear rates beyond which secondary flows become substantial, and these imaging results were used to select test conditions for which there is minimal secondary flow occurring that might corrupt the PIV measurements.
Using the temporal and spatial resolution of the velocimetric measurement system, it has been possible to analyze the evolving velocity profiles within the fluid under oscillatory shear in the transition region as the fluid begins to experience large amplitude deformations and exhibits non-linear rheological behavior. The time periodic velocity field has been characterized for a CPyCl/NaSal micellar fluid under large amplitude oscillations, and the velocity profiles exhibit a characteristic three-banded structure that is well described by the sigmoidal function given in Eq. 3. The evolution of increasingly shear-banded profiles is directly correlated with the bulk nonlinear response, and pronounced shear banding is shown to occur even for small values of the nonlinearity measures e 3 /e 1 and v 3 /v 1 . These results suggest that, at least for this particular class of wormlike micellar fluid, direct velocimetric measurements are a more sensitive method for determining onset of shear banding under LAOS, compared to measurements of higher harmonics in the bulk stress signal. For the strain amplitudes tested, the location of the shear band (quantified by the fitting parameter y b ) was shown to remain relatively constant over the oscillatory flow cycle. More detailed studies of dynamical changes in the interface position at progressively higher strain amplitudes will require additional advances in the Rheo-PIV technique to eliminate the impact of interfacial irregularities induced by fluid viscoelasticity on the imaging conditions. The combination of localized velocimetric measurements and bulk rheological measurements provide detailed insight into the spatiotemporal dynamics of complex fluids under simple viscometric flows. By using LAOS as the imposed kinematic forcing, we have been able to document the progressive evolution of the shear-banded structure and associated nonlinear rheological response in a model wormlike micelle solution. Such data can be compared in the future with the predictions of rheological constitutive equations.
